In the mammary glands of lactating albino mice injected intravenously with 9, 10-oleic acid-3 H or 9,10-palmitic acid-5 H, it has been shown that the labeled fatty acids are incorporated into mammary gland glycerides. The labeled lipid in the mammary gland min after injection was in esterified form ( > 95%), and the radioautographic reaction was seen over the rough endoplasmic reticulum and over lipid droplets, both intracellular and intraluminal. At 10-60 min after injection, the silver grains were concentrated predominantly over lipid droplets. There was no concentration of radioactivity over the granules in the Golgi apparatus, at any time interval studied. These findings were interpreted to indicate that after esterification of the fatty acid into glycerides in the rough endoplasmic reticulum an in situ aggregation of lipid occurs, with acquisition of droplet form. The release of the lipid into the lumen proceeds directly and not through the Golgi apparatus, in contradistinction to the mode of secretion of casein in the mammary gland or of lipoprotein in the liver. The presence of strands of endoplasmic reticulum attached to intraluminal lipid droplets provides a structural counterpart to the milk microsomes described in ruminant milk INTRODUCTION 
INTRODUCTION
The lactating mammary gland is considered to be one of the most active organs in lipid synthesis and secretion. According to an estimate of Richardson and Folley, the mammary gland in the goat synthesizes 4.1 X 106 molecules or 2.5 X 10 -9 / g of lipid per one cell in 1 sec (22) .
The milk lipids consist mainly of triglyceride, and their main sources, in addition to in situ synthesis from two-carbon precursors, are serum triglycerides and free fatty acids, as has been summarized in two recent reviews (8, 9) . The morphology of milk secretion at the ultrastructural level has been investigated in several species (2, 6, 12, 33) and it has been established that the lipids in the milk appear in the form of large, well-defined droplets, which can be clearly differentiated from the much smaller particles, composed mainly of protein (30, 31) .
The present study deals with the radioautographic visualization of the steps involved in the formation and release of milk glycerides in the lactating mammary gland of mice. Some of the findings have been reported in a preliminary paper (27) . * Aliquots of mammary gland, 1 Inin after injection of oleic acid-3H1-, were homogenized in chloroform: methanol (2 :1 v/v) and the radioactivity recovered was taken as 100Cj. Other aliquots were fixed in glutaraldehyde, washed in sucrose, postfixed in osmium tetroxide, and dehydrated as shown above. Only negligible amounts of radioactivity were found in the osmium tetroxide used to fix tissues that were prefixed in glutaraldehyde.
MATERIALS AND METIHODS
Female albino mlice of Israeli strain and weighing 40-45 g were used. The mice were separated from their sucklings on the 6th day postpartum, and within a few minutes they were injected intravenously (tail vein) with 2 oumoles of either 9,10-palhnitic acid-3H (specific activity, 350 uc/pmole) or 9, 10-oleic acid-3 H (specific activity, 2540 c/lale) complexed to fresh mouse serum proteins as a sodium salt. Samples of mammary glands were removed in a random manner from different glands of the same animal 1-60 min after injection. The animals were kept under ether anesthesia during the first 10 nlin after injection and were anesthetized again for the removal of the 30-and 6(0-min samples. In a parallel experiment, mice in the same stage of lactation were injected intravenously with 0.78 gumoles of 4,5-leucine-3 H (specific activity, 785 c/mole) in 0.9,, sodium chloride. Samples of mammary gland were obtained 10-60 min after injection. At the end of the experilnent the animals were bled from the aorta and and samples of liver were taken for determination of radioactivity and chemical analysis. 
Preparation of Tissue for Electron Microscopy and Rladioautography
In previous experiments (28), it was found that the following fixation and dehydration procedure minimizes the loss of labeled lipid from the rat liver; hence the mammary gland tissue was processed accordingly. Fixation was carried out in sodium cacodylate buffered glutaraldehyde (24) at 0°for 1 hr. The tissue was washed in five changes of cacodylate buffered 0.25 M sucrose, the last wash overnight, and postfixed in two changes of 2.0%o osmium-tetroxide fixative (5) for 1 hr at 0°. In some experiments the tissue was fixed directly in osmium tetroxide. Dehydration, which was carried out at 0°, consisted of two changes of 70% ethanol (5 min each), 1-2 changes of 95% ethanol (5 min each), and three changes of pure Epon 812 (1 hr each) according to a procedure adapted from Idelman (13) . The tissue was transferred to a complete Epon mixture (16) , left overnight at 4°, transferred again to a fresh Epon mixture, warmed to 370 for 1 2 hr, and embedded. The fate of the labeled lipid during dehydration is shown in Table I . Sections showing silver to gold interference were cut on an LKB microtome with glass knives and picked up on thin meshed All sections are of liouse lactating nmaunsary gland. FIGuRE 1 1 min after injection of oleic acid-3Il. The radioautographic reaction is seen throughout the cytoplasml of the alveolar cells and is concentrated over lipid droplets (LD), both intracellular and in the alveolar luicmen. X 1,Q50.
grids. Electron microscopic radioautography was carried out according to the method of Caro (4). The specimens were exposed for 2 8 wk, developed in Microdol X for 5 min at 20°, and fixed in Kodak acid fixer (Eastman Kodak Co., Rochester, N. Y.) for 5 min. The grids were washed very briefly, stained with lead citrate (21) , and examined with an RCA EMU3G at 100 kv.
Light microscopic radioautography was carried out on 0.5-1.0 /A sections obtained from the same Epon blocks. The sections were coated by immersion in the Ilford K5 emulsion diluted 1: 1, exposed for 1 wk, and developed in Kodak D-19 developer (Eastman Kodak Co., Rochester, N. Y.) for 5 min at 18°. After brief washing, the sections were stained with mnethylene blue-azure II (23) . (Fig. 6 ) and palmitic acid-3H (Fig. 7) . The radioautographic reaction is concentrated over lipid droplets (LD) some of which are close to Golgi cisternae (arrow); however, the intracisternal granules are not labeled. Label is also seen over mitoclhondria (Fig. 6 ). Fig. 6 , X 16,000; Fig. 7 . X 34,000.
Determination of Radioactivity
FIGmuE 8 1 hr after injection of palmitic acid-ll. Thle label is concentrated over intracellular and intraluminal lipid droplets. Some grains are seen over the elements of the endoplasmic reticuluml and over amorphous material in the lumen. The Golgi apparatus (G) is not labeled. Note cytoplasmic remnants adhering to lipid droplets (LD) in the lumnen. X 13,000.
chloroform extracts were counted in toluene containing 0.4%, diphenyloxazole and 0.01% p-bis,2-(5-phenyloxazolyl)-benzene; the aqueous extracts were counted according to Butler (3) ; the fractions scraped off the silica gel thin-layer plates were counted according to Snyder (25) . The trichloroacetic acid precipitate and the protein cake obtained at the interphase after extraction according to Folch et al. (7) were dissolved in Hyamine, the aliquots of which were counted. Internal standards were used for the estimation of quenching and relative counting efficiency of the respective scintillating system. All labeled materials were obtained from the Radiochemical Centre, Amersham, England. The radiochemical purity of the labeled fatty acids was determined by thin-layer chromatography in solvent A (vide supra) and by gas-liquid chromatography (15) with glass wool instead of anthracene crystals in glass cartridges. The cartridge was inverted and inserted into counting vials and counted in the same way as the chloroform extracts in toluene. With 9,10-palmitic acid-3H, 3 was found in myristic acid, 94 %y0 in palmitic acid, and 3% in stearic acid fractions. With 9, 10-oleic acid-3H, 0.5%0 was recovered in palmitic acid, 1.5% in palmitoleic acid, 1% in stearic acid, and 97% in oleic acid fractions. 
Gland Lipids
Both labeled palmitic and oleic acid were taken up by the lactating mammary gland; more than 97 % of the radioactivity that was recovered in the tissue was found in the chloroform phase; and about I % was recovered in the protein cake. The distribution of radioactivity in lipid fractions in three representative experiments is shown in Table  II . It is evident that, even at the shortest time interval studied (I min), more than 95% of the radioactivity in the chloroform phase was in esterified form and that about 90% of this was in the form of triglyceride. Little or no labeled cholesterol ester was found, and only a small per cent of the radioactivity was in diglycerides. The distribution of radioactivity in liver lipids varied from that in the mammary gland lipids, a greater per cent being found in the phospholipids. The labeled lipid present in the circulation 60 min after injection of the fatty acid-3 H was in the form of esterifled lipids, mainly as triglycerides. The rate of disappearance of labeled fatty acids from the circulation was not determined in the present experiments. However, in a previous study (28) on 60-80 g rats injected with 2-3 moles of palmitic acid-3 H, it was shown that the half-life of the free fatty acid in the circulation was less than 3 min. Hence the labeling of mammary gland lipids during the first 10 min can be considered as pulse labeling. At later time intervals, labeled triglycerides appeared in the circulation which could be further utilized by the lactating mammary gland (17) and a rise in tissue radioactivity was seen between 10 and 60 min after injection.
Light Microscopy
Light microscopic radioautography revealed that at 1-3 min after injection of fatty acid-3 H the grains were seen over the cells and over droplets in the alveolar and ductular lumen (Fig. 1) .
Electron Microscopy
The general ultrastructure of the mouse lactating mammary gland was similar to that reported by other investigators (12, 33) . In electron micrographs of tissues taken 1 min after the injection of oleic acid-3 H the distribution of radio activity varied among different cells derived from the same gland. In some cells the grains were seen mainly over the elements of rough endoplasmic reticulum (Fig. 2) ; in others, over intracellular lipid droplets of various size (Fig. 3) . The labeled lipid droplets were seen across the cytoplasm from the basal to the apical region of the cell, and in some sections the grains were localized also over intraluminal lipid droplets (Figs. 4 and 5) . Some of the labeled intraluminal droplets showed an electron-opaque boundary, and at some points fragments of rough endoplasmic reticulum were seen attached to the droplet (Fig. 5) . At 10 min after the injection of either oleic (Fig. 6 ) or palmitic acid (Fig. 7 ) the radioautographic reaction was concentrated over lipid droplets, and grains were seen over some mitochondria and endoplasmic reticulum. Some of the labeled lipid droplets were found adjacent to the Golgi region, and occasional silver grains were found over the Golgi vesicles (Figs. 3, 6 , and 7). However, the silver grains were not associated with the intracisternal protein granules. At 30 and 60 min after injection, the radioactivity was concentrated in lipid droplets, mostly in the apical portion of the cell and in the lumen. In some cells grains were also present over cytoplasmic elements. The labeled apical droplets showed an attenuated rim of cytoplasm on their luminal surface (Fig. 8) , and when they were discharged into the lumen they would leave behind them a crater with a torn and uneven surface (not show in the figure).
FIGURES 9-13 A tentative reconstruction of the formation of lipid droplets is shown in Figs. 9-13 . The concentration of radioactivity over the rough endoplasmic reticulum (ER) indicates the primary site of esterification. Deposition of labeled lipid material (arrow) occurs in the midst of the area of endoplasmic reticulum (Fig. 10) . Further accumulation of lipid and an acquisition of droplet form is seen in Figs. 11-13 . In some regions a continuity between the cisternae of the endoplasmic reticulum and the lipid droplets (LD) is suggested. (Figs. 11 13) . Fig. 9 , X 36,000; Fig. 10 , X 20,000; Fig. 11 , X 21,500; Fig. 12 , X 37,500; Fig. 13 , X 31,000.
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The Formation of the Lipid Droplets
In spite of the very rapid transfer of the labeled fatty acid into droplets of various sizes, a reconstruction of the process of droplet formation was attempted and a tentative sequence is given in Figs. 9-13 . In many sections of tissue prepared 1-3 min after the injection of the fatty acid, a concentration of radioactivity could be seen over the cisternae of the rough endoplasmic reticulum some of which showed dilations (Fig. 9) . Sometimes label could be seen over lipid-like material accumulating in the midst of an area of endoplasmic reticulum (Fig. 10) , and in other cells there was a suggestion of continuity between the intracisternal space and the labeled material which was acquiring a droplet form (Figs. 11-13 ).
Incorporation of Leucine-3H into Mammary Gland Protein
The uptake of labeled leucine by the lactating mammary gland and its incorporation into protein is shown in Table III . Extraction of the mammary tissue according to Folch et al. (7) revealed the presence in the lipid fraction of some radioactivity which amounted to about 8 % of the total proteinbound radioactivity.
The localization of the radioautographic reaction varied from the localization encountered after injection of tritiated fatty acids. The grains were seen over the elements of the endoplasmic reticulum, and at 30 min a concentration of grains was seen over the Golgi apparatus (Fig. 14) . Often seen was an association between the silver grains and the granules in the Golgi cisternae (Fig. 15 ) or in the alveolar lumen (Fig. 16) . Usually the lipid droplets were not labeled except for an occasional grain corresponding to the small fraction of labeled leucine incorporated into lipids (Figs. 14 and 15) .
DISCUSSION
Its prodigious metabolic activity, as well as its accessibility, has made the lactating mammary gland a very convenient object for the study of various synthetic pathways, and in recent years many of the biochemical reactions that take place in the glandular epithelial cells and culminate in the secretion of milk have been elucidated (8, 9) . The marked avidity of the lactating mammary gland for circulating fatty acids has been demonstrated in many species (8, 9) , but so far no definite information has been obtained as to the rate of transfer of newly synthesized lipid into the milk. In the present study the lactating mammary gland of mice was shown to take up a considerable portion of injected labeled fatty acid and, like the lactating mammary gland of guinea pigs (17) , to convert it into esterified lipid within minutes after its injection. The esterified lipid in the mammary gland was predominantly triglyceride and even after 60 min much less labeled phospholipid was formed than in the liver. Radioautography made it possible to study, on a subcellular level, the site of triglyceride formation and aggregation into the form of "visible lipid." The presence of the radioautographic reaction over the elements of the endoplasmic reticulum at the earliest time intervals after injection studied (1 min), when more than 95% of the lipid radioactivity in the tissue was in esterified form, points to this organelle as the site of fatty-acid esterification. The finding of label over visible lipid droplets early after injection indicates that the entrance of the esterified fatty acid into lipid droplets is very rapid. Since at 1 min after injection the radioautographic reaction was seen over droplets at all levels of the cell, some of the droplets approaching a few microns in diameter, it is difficult to assume that all the droplets were synthesized during the ensuing 60 sec. Hence it seems most probable that the labeling of the droplets occurred both through addition of newly synthesized lipid to preexisting droplets and through new deposition of lipid in droplet form. jcb.rupress.org droplets from the basal portion of the cell towards and into the lumen. This does not preclude the existence of such a movement, but seems to indicate that the lipid synthetic activity is not limited to the basal portion of the cell. An attempt was made to trace the mode of formation of the lipid droplets. Some of the results obtained suggest that the newly formed lipid might accumulate inside or between the cisternae of the rough endoplasmic reticulum. Following deposition of the lipid, local distortion of the cisternae occurs so that the droplet seems to be "fed" by several cisternae. The mode of release of the triglycerides in droplet form from the cell into the lumen of the alveolus has been debated by other investigators. Bargmann and Knoop (2) have postulated a release without any loss of cytoplasmic elements and an immediate "sealing" of the plasma membrane, while other authors (10, 14) have favoured the process of "decapitation." The finding of clearly identifiable elements of the endoplasmic reticulum adhering to some of the intraluminal lipid droplets (Fig. 5) indicates that the release of the lipid droplets involves some loss of cytoplasmic elements. It seems probable that, as postulated by Grynfeltt (10) , release of the droplets occurs by both modes, depending upon whether secretion is spontaneous or stimulated by suckling.
Another aspect of triglyceride release in the mammary gland, which concerns the possible role of the Golgi apparatus in this process, was investigated in the present experiments. Although some of the labeled droplets were localized at the periphery of the Golgi cisternae, no concentration of radioactivity was seen over the material in the Golgi vesicles after injection of labeled fatty acid. In contradistinction, concentration of label over Golgi vesicles and intracisternal granules after injection of labeled leucine has been observed both in Wellings and Philp's study (32) and in the present study. These findings indicate that in the lactating mammary gland the protein does pass through the Golgi apparatus; the lipid secreted into the lumen does not. Thus in this respect the mode of lipid secretion in the mammary gland differs from that described in the liver. In the latter, the lipid is delivered into the blood stream and thus has to achieve a state of optimal dispersion in an aqueous medium through intimate complexing with carrier protein. The process of lipoprotein secretion in the liver involves the participation of the Golgi apparatus; in a previous study (26, 28) , the presence of labeled lipid was shown over lipoprotein granules in the Golgi vesicles in liver. In the mammary gland the lipid secreted into the lumen is not in the form of lipoprotein but is predominantly triglyceride which apparently does not require the Golgi apparatus for its secretion.
Although they consist 99% of triglyceride (11), the fat globules in the milk are stable in a water medium because of the presence of interfacial or membranous material. This material has been isolated and identified as "lipoprotein" (11) , and it was given (1, 19) the designation of "milk microsomes." Patton et al. (20) corroborated these findings and suggested that the milk globule membrane is derived from microsomes which are similar to cellular microsomes. In addition, glyceride synthetic (18) and other enzymic activities (19) in fresh cows' milk have been localized to the microsomal fraction, and ribonucleic acid has been identified in the fat globule membrane (29) . In the present study the demonstration of strands of endoplasmic reticulum attached to the lipid globules within the lumen provides evidence for the structural identity of milk and tissue microsomes. Thanks are extended to Mr. N. Orgal for his devoted care of the electron microscope. The excellent assistance of Mrs. A. Mendeles, Miss Y. Galanti, Miss R. Ben Moshe, and Mr. G. Hollander is gratefully acknowledged.
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